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Abstract 
Floral scents are used in many industries and demand for them increases every year. However, the shortage of extracted 
fragrance supplies from plants leads to high market costs of floral scents. Production of these fragrances from 
microorganisms is an alternative. In this work we applied the synthetic biology approach to construct a synthetic 
Escherichia coli system to produce linalool, which is the main component in floral scents. The E. coli system was 
synthesized in a laboratory by constructing 2 new BioBrick parts, GPPS and LIS Bricks. They were employed to construct 
GPPS and LIS generator devices by combing them with existing BioBricks from the Registry of BioBrick Standards; i.e., 
BBa_R0040, BBa_B0030, BBa_B0015. The synthetic E. coli system was created by transforming the generators into a non-
scent E. coli YYC912 chassis. The system was tested by culturing synthetic cells in LB medium containing kanamycin and 
tetramycin. It was found that the synthetic E. coli successfully synthesized linalool and exhibited the strongest linalool scent 
at 96 hours of cultivation. This synthetic cell will be further used as a base strain for future construction of strains that can 
make higher linalool products for use on the industry level. 
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1. Introduction  
Many flowers produce varieties of fragrances that receive industrial attention, for products such as perfumes 
and cosmetics, and as additives in foods and beverages. In addition, floral scents are used for aromatherapy 
with massage for relaxing and wakefulness, especially rose, jasmine, lavender, and orchid scents [1, 2]. Thus, 
many researchers are interested in floral fragrance compounds and try to increase floral scents by different 
methods. Previous research has shown that floral scents are almost always a complex mixture of small volatile 
molecules dominated by monoterpenoid, sesquiterpenoid, phenylpropanoid, and terpenoid compounds. Fatty 
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acid derivatives and a range of other chemicals are also present at times [3]. Previous efforts have led to 
artificial scent production by imitation of flower flagrance. However, artificial scents made using chemical 
methods are high-cost. 
Terpenes, especially monoterpenes such as linalool, were found to be important intermediates in production 
of fragrance.  In cellular compartments, isopentenyl pyrophosphate (IPP) is derived from the mevalonate-
independent “Rohmer” pathway. IPP can be isomerized to dimethylallyldiphosphate (DMAPP), and one 
molecule of IPP is condensed with one molecule of DMAPP in a reaction catalyzed by the enzyme geranyl 
pyrophosphate synthase (GPPS) to form GPP, the universal precursor of all the monoterpenes [4]. 
 
Fig. 1. Pathways leading to floral scent volatiles [4] 
Previous research has shown that monoterpenes, such as linalool, are important intermediates used to 
produce fragrance [5, 6]. Dudareva and colleagues [7] reported that the LIS gene is encoded for S-linalool 
synthase that converts geranyl pyrophosphate (GPP)—a common compound in the biosynthesis of 
terpenoids—to S-linalool in a single-step reaction. Hence, this gene can potentially be used to produce novel 
scents [8].  
Unfortunately, productivity of target compounds from plants is low. In recent years, there has been growing 
interest in using recombinant microbial systems as alternative production platforms for the efficient production 
of specific bioactive plant compounds. Microbial production systems offer the possibility for production of 
target compounds in a clean and simple metabolic background that minimizes the risk of formation of 
unwanted side products [9]. Various groups have described the construction of Escherichia coli and yeast 
strains producing carotenoids, terpenoids, flavonoids, and sesquiterpenes via genetic engineering [10, 11, 12]. 
However, using genetic engineering technique to insert these genes to microorganism has the limitations such 
as requiring specialists and the transgenic products cannot be applied in future work leading to the new 
discipline namely, synthetic biology [13]. 
Synthetic biology is the science of engineering new biological systems that do not exist in nature, 
coordinating engineering and biology approaches [14]. Synthetic biologists have attempted to build new 
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genetic circuits (reconstructed from short DNA fragments) relating to applications support. There are two main 
advantages from this approach: (i) the genetic circuit design can be easily built using standardized parts from 
BioBricks, and (ii) cellular behavior can be predicted by mathematical models in order to reduce cost and time. 
There is a good deal of synthetic biology work, such as Anselm et al [15], who designed and engineered E.coli, 
which can produce image-relating light signals as a “bacterial camera”; Badalament [16] synthesized modified 
E. coli, which can be controlled in its movement by other cell signals—the process is called “cell-cell 
communication”. 
Floral scents are used in many industries, and annual demand is steadily increasing, but the extracted 
fragrances from plants are not enough to meet this demand and they have a high cost attached. In this work, we 
constructed a bacterium strain producing linalool (the precursor for the fragrance production) using the 
synthetic biology approach. 
2. Materials and method 
2.1. Synthetic E.coli strain and growth conditions 
BioBricks used are listed in Table 1. E.coli strain YYC912, a derived strain with odor-free chassis, was used 
for cloning and expression purposes. Strain YYC912 was grown in LB medium at 37๐C in 250 ml shake flasks. 
The following antibiotics were addedfor the selection of plasmid-containing clones: tetramycin (25 μg/ml) and 
kanamycin (25 μg/ml). For growth experiment, an aliquot from an overnight culture was used to inoculate (5%, 
vol/vol) fresh medium and, subsequently, bacterial growth was measured every 2 hours until complete at 48 
hours; after that, it was determined every 24 hours, through 168 hours, via spectrophotometer with optical 
density at 600 nm (OD600). The cell cultures were centrifuged and the supernatant was later used for glucose 
and linalool assays. 
Table 1. Biobricks, bacterial strains, and plasmids used in this study. 
 
BioBrick/plasmid Description Reference 
BBa_R0040 Constitutive promoter, pTet PartRegistry 
BBa_B0030 Ribosome binding site PartRegistry 
BBa_B0015 Terminator PartRegistry 
pSB1AT3 Ampr, Tetr; High copy BioBrick assembly plasmid PartRegistry 
pBAD18 Ampr, Kanr 16 
pSB1AT31 Ampr, Tetr; pSB1A3 derivative carrying the GPPS gene fused to pTet promoter and terminator This work 
pBAD182 Ampr, Kanr; pBAD18 derivative carrying the LIS gene fused to pTet promoter and terminator This work 
BBa_J45999 E. coli strain YYC912; Odor-free chassis PartRegistry 
MC4100 E.coli strain MC4100; wild type - 
aAmpr, Tetr, and Kanr, resistance to Ampicilin, tetramycin, and kanamycin, respectively.  
2.2. DNA and plasmids 
The genes expressed in E.coli were synthesized genes from Genscript Company (Singapore). Promoter-
RBS, terminator, GPPS, and LIS genes were amplified with DNA polymerase (30 cycles of 15s at 94๐C, 30 s at 
52๐C, and 120 s at 72๐C), using DW18 and DW19 primers. The details of each primer are shown in Table 2. 
Then, each part was connected, using overlapping PCR technique, to make the promoter-RBS-GPPS-
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terminator and the promoter-RBS-LIS-terminator part, called GPPS generator and LIS generator, respectively. 
For the GPPS generator, the PCR product was digested with EcoRI and PstI and the resulting fragment was 
introduced into pSB1AT3 plasmid. Meanwhile, pBAD18 was inserted by LIS generator after digestion with 
XbaI and PstI. Resulting vectors were designated pSB1AT31 and pBAD182, respectively, and transformed to 
the E.coli strain YYC912.All the plasmids were sequenced to confirm that the sequences obtained were correct. 
Standard molecular biology techniques and protocols were carried out as described by Sambrook et al [17] 
Table 2.  The primers used in this study. 
 
bP and T mean promoter and terminator, respectively. 
2.3. Sample assays 
The linalool product was determined via gas chromatography, SHIMADZU GC-17AAF series equipped 
with a INNOWAX column (60 cm x 0.32 cm x 0.25 μm). 25 ml of a sample was added in a separatory funnel 
containing 25 ml of heptane (99% w/v); it was then left to stand for 1 hour to allow adequate contact between 
both phases. The separatory funnel was shaken rigorously for 45–60 minutes. Then, samples of both layers 
were withdrawn using syringes and analyzed by gas chromatography. Helium was used as the mobile phase, 
linear velocity was 35 cm/s, and injection volume was 1 μl with a split ratio of 1:100 via programmed oven at 
240๐C for 5 minutes. To test the efficiency of extraction, strains MC4100 and MC4100 were added to 5 μl of 
5.6 M linalool and compared. For sugar measurement, 1 ml of sample supernatant was mixed with 1-ml of 3, 5-
dinitrosalicylic acid (DNS) reagent, heated at 90๐C for 15 minutes, cooled to room temperature, and measured 
for absorbance at 570.  
3. Results and discussion 
3.1. Construction of GPPS and LIS generators 
For constructing each generator, PCR was used to increase the amount of DNA and to link each part 
together (promoter, RBS, gene, and terminator), so-called overlapping PCR. The overlapping PCR method was 
used because of its advantage for cloning of any PCR fragment or multiple fragments into any linearized vector 
in a single 30-minute reaction without additional treatment. After amplifying each part, the products from first 
PCR were the templates in the second PCR, using primer number DW18 and DW23, which were designed as 
Primers  Functionb Sequences bp 
DW18 Amplified P; Fused P,GPPS,T Fwd; 5’-GCGATGGAATTCGCGGCCGCT-3’ 21 
DW19 Amplified P Rev; 5’-GATACGTGCGCAGCTCATCTAGTACTT TCC TGTGTGAC CTAGTAG-3’ 46 
DW20 Amplified LIS Fwd; 5’-CTACTAGAGTCACACAGGAAAGTACTAGATGAGCTGCGCACGTAT C -3’ 45 
DW21 Amplified LIS Rev; 5’-CTTTCGTTTTATTTGATGCCTGGCTCTAGTATTATGAGGACAGCAGCGG-3’ 49 
DW22 Amplified T Fwd; 5’-CCGCTGCTGTCCTCATAATACTAGAGCCAGGCATCAAATAAAACGAAAG-3’ 49 
DW23 Amplified T; Fused P,GPPS,T Rev; 5’-GCGATGCTGCAGCGGCCGCTACTAGTATATA -3’ 31 
DW25 Amplified GPPS Fwd; 5’-CTACTAGAGTCACACAGGAAAGTACTAGATGGCGGCCATTTTTCC-3’ 45 
DW26 Amplified GPPS Rev; 5’-CGTTTTATTTGATGCCTGGCTCTAGTATTATTTGCCATAGAACGGATTGC-3’ 49 
DW32 Fused P,LIS,T Fwd; 5’-GCGATGTCAGATTAAAGAGGAGAAAGCATATGAGCTGCGCACGTATC-3’ 48 
DW33 Fused P,LIS,T Rev; 5’-GCGATGCTGCAGTTATTATGAGGACAGCAGCGG-3’ 33 
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the complement tails with the first part of the promoter and the end of the terminator, respectively. In this step, 
high-concentration DNA and relatively low annealing temperatures were used in the reaction (5–10°C below 
the calculated melting temperature of the primer) for easy binding between DNA fragments and primers 
[18].The result of overlapping partsis shown via gel electrophoresis in Fig. 2. The first lane refers to 1kb ladder, 
the second and forth are LIS and GPPS reference, while the third and fifth are LIS and GPPS generators, 
respectively. Clearly, both generators had larger size than their reference because they contain 3 parts that made 
the size of the DNA change from 1,725 bps (normal) to 1,987 bps for the LIS part, and from 783 bps to 1045 
bps for GPPS part. This implies that every part linked successfully. Then, GPPS generator was digested with 
EcoRI and PstI, while the LIS generator was cut by XbaI and PstI before the ligation step. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. GPPS and LIS generator with overlapping PCR. The first lane refers to the 1-kb ladder and the number on the left is the size of the 
marker. Lane 2: LIS reference; Lane 3:  LIS generator; Lane 4: GPPS reference; and Lane 5: GPPS generator, visualized on 2%  agarose 
gel.  
 
 
 
 
 
Fig. 3. Maps of the principal constructs used in this study. A; The pSB1AT31 Where GPPS was cloned downstream of the Ptet promoter 
(BBa_R00400) on  pSB1AT3 plasmid.  B; The PBAD182 where LIS was cloned downstreamed of Pbad promoter. 
After making generator insertion, psB1AT3 and pBAD18 were used as the backbone for GPPS and LIS 
generators, respectively. PsB1AT3 was digested with EcoRI and PstI, while the pBAD18 was used with XbaI 
and PstI in preparation of the ligation.  Then, we mixed the backbone, inserted T4 ligase, T4 ligase buffer, and 
water to make 20 μl total volume, which was incubated at 37๐C for 4 hours (the ratio of the insert and backbone 
is 3:1). T4 ligase could repair the single-stranded discontinuities in double stranded DNA that made backbones 
and insert parts linked. The results of the ligation step are shown in Fig. 3. 
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The ligation mixtures were transformed to the competent cells by rubidium transformation and plated on LB 
agar medium containing 25 μg/μl tetramycin for GPPS generator and 25 μg/ μl kanamycin for LIS generator 
clones. The clones were checked via colony PCR using primers DW26 and 27 for amplification of GPPS and 
DW19 and 20 for LIS generator and sent to Ward Medic Company to confirm the sequence. Fortunately, all 
clones were proved to be true GPPS and LIS genes. 
3.2. Transformation 
The competent cell was prepared using E.coli strain YYC912 (non-scent strain) with CaCl2. Both 
pSB1AT31 and pBAD182 were added and the mixer was placed on a kanamycin/tetramycin plate. After 
incubation at 37°C for 24 hours, 63 colonies were obtained, indicating that both GPPS and LIS generators 
could be transformed into E.coli via the plasmids. Colony PCR was used to confirm that GPPS and LIS could 
be transformed to YYC912. Primers DW18 and DW23 were used for amplification of GPPS and DW32 and 33 
for LIS. The results showed that both genes could be transformed to E.coli (Fig. 4). For all clones, they had 
bands in the same size of GPPS (around 800 bp) and LIS (around 1800 bp) references implying that these 
clones contain both GPPS and LIS generators.  
 
Fig. 4.  Colony PCR after plasmid transformation.  Lane 1: 1-kb ladder; 2: LISreference; 3: GPPS reference;  4: 1stcolony with GPPS 
primer; 5: 1st colonyLIS primer; 6:2ndcolony with GPPS  primer; 7: 2ndcolony  with LIS primer; 8: 3rd colony withGPPS primer; 9: 3rdcolony  
with LIS primer; 10: 4thcolony with GPPS primer and 11: 4th colony with LIS primer, visualized on 2% agarose gel. 
To double check, some colonies were picked up, grown overnight, then both plasmids were extracted from 
the YYC912 cell. The plasmids were cut by EcoRI because both plasmids (pSB1AT31 and pBAD182) have 
only one EcoRI restriction site. Thus, when the plasmids were cut with EcoRI, the circular plasmids changed to 
a linear form and showed the bands in different positions following their size. After digestion, these samples 
were loaded to 2% agarose gel and electrophoresis was used to separate the size of DNA.  Fig. 5 shows the 
results after EcoRI digestion: the upper had 7800 bp, which referred to pBAD182, and the lower band had 4500 
bp, which referred to pSB1AT31. There were not any non-specific bands. This result proved that 2 plasmids 
were transformed into E.coli cells. 
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Fig. 5. Plasmid digestions with EcoRI. Lane 1: 1-kb ladder; 2: 1stcolony; 3: 2ndcolony; 4:3rdcolony 3and 5:4thcolony, visualized on 2% 
agarose gel. All clones were cut with EcoRI and 2 bands, which represented 2 plasmids, were obtained. 
3.3. Product measurement 
After both GPPS and LIS genes were successfully co-transformed into E. coli cells, synthetic cells were 
cultured in a shake flask containing LB medium with kanamycin and tetramycin to test whether it could 
produce linalool or not. Fig. 6 shows a time course of cell density, and glucose and linalool concentrations of 
the synthetic E. coli culture. It is observed that the cell density sharply increased until it reached the stationary 
phase when the time passed 48 hours, while the glucose amount continually decreased. At the same time cells 
reached the steady state, linalool production started rapidly and had maximum values, 0.55 mM, at 96 hours 
used time. After 144 hours, cells began to pass into death phase and linalool amount decreased. The correlation 
between linalool and growth may be related to GPP availability [9]. When cells died, all enzyme production 
stopped, including GPPS and LIS enzyme, which means there was no enzyme to convert DMAPP to GPP, the 
main substrate used to produce linalool. However, the degradation rate of 5.58 M linalool was reached 4 days, 
thus, although cells nearly died, after 196 hours, linalool could still be detected. Results from cell cultivation 
clearly show that we have successfully constructed a new E. coli strain that can produce a flower scent. This E. 
coli strain will be further studied for commercial feasibility. 
Fig. 6.  Linalool production in synthetic E.coli ; ■,bacterial growth; ●, linalool concentration;▲, glucose concentration Data are averages 
of sample results from three independent cultures. 
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4. Conclusions 
Because there is a high demand for floral scents and insufficient supply of extracted fragrances from plants, 
the idea of constructing a bacterium-produced scent—instead of plant-produced scent obtained via synthetic 
biology approach—was the focus of this work. Linalool was used as the model for this construction. Synthetic 
E.coli was successfully synthesized using 5 BioBrick parts (R0040, B0030, B0015, GPPS brick, and LIS 
brick). Gas chromatography was used for linalool measurements, and the results showed that linalool 
production happened after 48 hours when cell growth reached the stationary phase.  
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